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ABSTRACT

S i x m a j o r p rob lem areas i n !
r o b o t i c s a r e enumerated:

I

1. K inema t i cs , dynamics,

2. Seneors and Seneory !

3. C o n t r o l
4. Knouledge Repreeenta -

t i o n and l l o d e l i n g
5. Programmable

Methodo logy
6. I n t e r f a c e s and

Communications

and m o b i l i t y

P r o c e s s i n g

'E .-
!':- .. A h i e r a r c h i c a l r o b o t c o n t r o l

a r c h i t e c t u r e i s d e s c r i b e d
which p a r t i t i o n s t h e t a s k
d e c o m p o s i t i o n i n t o e i g h t
l e v e l e ; f o u r i n t h e r o b o t (1 )
s e r v o and c o o r d i n a t e
t r a n s f o r m a t i o n , (2 ) e l e m e n t a l
aovement , (3) o i r p l e task,
( 4 ) complex task ; and Zou r i n
t h e a u t o m a t i c f a c t o r y , ( 5 )
t a s k eequencing ( r o r k
r t a t i o n ) , (6 ) p a r t ba tch
rout ing ( c e l l ) , (7) l o n g
range a c h e d u l i n g (shop), (8)
p r o c e e s planning, p r o d u c t
dee ign , and management
c o o r d i n a t i o n ( f a c t o r y ) .

T h i e m o d e l i s use,d t o t i e
t o g e t h e r t h e - dynamic
i n t e r a c t i o n b e t w e e h c o n t r o l ,
s e n e o r y p r o c e e e i n g , mode l ing ,
and planning. A n e t w o r k
a r c h i t e c t u r e f o r r o b o t 8 i n a
s m a l l au tomated mach ine shop
i e u s e d t o i l l u s t r a t e t h e
i n t e r f a c e and c o m m u n i c a t i o n s
i s s u e s .

XEY UOBDS

Robot aeneor.8, r o b o t c o n t r o l ,
k n o r l e d g e r e p r e e e n t a t i o n ,
r o b o t p rog ram ing , r o b o t
i n t e r f a c e e .

IITBODUCTIOE

: R a t h e r than a t t e m p t a com-
p r e h e n r i v e r e v i e w o f t h e
mtate o f t h e a r t i n r o b o t i o r ,
a monumental task i n t h i o
r a p i d l y r o v i n g f i e l d t h a t
@ncorpaeres 80 many d i v e r r e
t e c h n i c a l d i e c i g l i n e e , I r a n t
i n e t e a d t o e e t f o r t h a f e w -
c e n t r a l r e s e a r c h t o p i c 8 r h i c h
f b e l i e v e rill dominate t h ef r e s e a r c h community and

i l a r g e l y occupy t h e a t t e n t i o n
o f r e s e a r c h e r s f o r t h e r e s t

' o f t h i s century. I n t h e
I c o u r r e o f m y remarks I will
i c i t e a number o f examples t o
' i l l u s t r a t e t h e types of

problems t h a t have been, and
'rillbe, encountered i n each

o f these r e r e a r c h areas. But
I make n o c l a i m t h a t t h e s e1 examples p r o v i d e a compre -
i h e n a i v e o v e r v i e w o f t h e

even: f i e l d , o r a r e
; n e c e s s a r i l y r e p r e s e n t a t i v e of
; t h e bwlk o f r o r k c u r r e n t l y
; on - goiqg i n t h e r o r l d today.

I

I 1. STRUCTURES

I

1.1 K i n e m a t i c e

The f i r s t r e s e a r c h t o p i c t h a t
I r a n t t o addrees i s t h e

. p rob lem o f s t r u c t u r e e .
Although t h e r e a r e a g r e a t
v a r i e t y o f r o b o t s o n t h e



-
8arkOt with many d i f f e r o n t
a ise, 8h8pe; 8nd f o r 8
f a c t o r s ; r u c h romains t o b o
done t o improve t h o
mechanical per formance o f
t h e s e devices.

Perhaps the r o o t e lementary

I n o r d e r t o prouraa robot.
o f f - l i n e , it i o nec.emmmry --
f o r them t o be ab le t o
60 t o commanded c o o r d i n a t o
po in t e. Although t h e
r e p e a t a b i l i t y o f r o o t robo ts
I s on t h e o r d e r o f one
m i l l i m e t e r ove r t h e work ing
volume (8nd i n 8080 a8808

prob lem i 8 that O f 8 C C U r 8 C y .

80 good .I)0.1  ED), t h o
8 b e o l u t e pO8ifiOning 8 C C U r 8 C y
r a y be o f f as much me a
cen t ime te r . Thue it i o o f t e n
n o t poas ib le t o progrmr 8
r o b o t f r o m 8n e x t e r n a l data
bsire, and it $0 n o t
p o r s i b l e t o t r a n s f e r a
p rog ra r t8ught on one r o b o t
t o 8no ther .

The prseent s o l u t i o n t o t h e
accuracy 8nd r e p e a t a b i l i t y
problem i s t o r a k e r o b o t
e t r u c t u r e s very s t i f f 8nd
r i g i d . U n f o r t u n a t e l y , t h i s
means t h a t they a l s o t e n d t o
be massive 8nd unuieldy.
Most r o b o t s can lift o n l y
8bou t one t w e n t i e t h o f t h e i r
oun re igh t . Compare t h a t t o
t h e human arm wh ich can lift
8bout t e n t i m e s i t s own
r e i g h t . The d i f f e r e n c e i n
t h e s t reng th t o w e i g h t r a t i o
i s a f a c t o r o f t u o hundred.

1.2 Dynamics
I
I

!Dynamic p e r f o r m a n c e i s a l s o
-a n a r e a where much remains t o
be done. , P r e s e n t l y

' a v a i l a b l e robot ,sdrvo systems
 do n o t adapt t o t h e changing

t h e r o b o t , n o r do they 8dapt
t o t h e v a r i e t y o f l o a d s t h a t
t h e r o b o t r u s t c a r r y l

The r e s u l t i s t h a t r o b o t
a e r v o syetems t y p i c a l l y
a r e f a r f r o m o p t i m a l , and
o f t e n i t i s n o t p o s s i b l e t o
f i n d any a e t o f s e r v o

: i n e r t i a l c o n f i g u r a t i o n o f

..___ _ __ _ -- ---- - --

-
, .--

*._-
pararetor . th8t will rake t h e
r o b o t e t 8 b l e ove r t h e f u l l
range o f p o s s i b l e l o a d s and
oon f igu ra t ion r .

fa t h e future, n e u r e c h a n i c a l
(lemigns rill be needed f o r
r o b o t s using l i g h t r e i g h t
r a t o r i 8 l s much 80 carbon -
f i h r e n t epox iee 8nd h o l l o r .
f 0 8 8 - f i l l O d tubular
cona t ruc t i ons . Advanced
c o n t r o l ays te r s th8t can
t 8 k e 8dvantage o f l i uh t
r e i g h t f l e x i b l e a t ruc tu res
a r e needed.

Arms t h a t f l e x and bend under
8 c c o l e r 8 t i o n s and 108dS are
being i n v e s t i g a t e d i n t h e
h b o r a t o r y , but t h a t work

t h i s t i r e . There i s
$8 very prs l i r inary 8 t

: c e r t a i n l y nothing 8ppsoaching
tho performance o f b i o l o g i c a l
8 r r e , 1.80, 8nd m f l ~ & ~ ) . The
top .low v e l o c i t y o f a r o b o t
8 r m i o t y g i c a l l y 8round 40
inches p e r smcond. The t o p
r o l o c i t ~th8t can be 8ch ieved
by t h e human arm during 8

t8rk much am throuing 8 base- c.

b a l l i o .round 1500 inches -.*-*'<
pe r second: The d i f f e r e n c e
i n epeed i s a f a c t o r . o f
n e a r l y f o r t y .

- -

1.3 End E f f e c t o r s-
ltuch 8180 remains t o b e done
i n r o b o t end e f f e c t o r s and
(r ipper deeign. Typ i ca l l y ,
r o b o t hands c o n s i s t o f
pinch - jaw gr ippers ui th only
one degree of f reedom --
open and ehut. Con t ras t t h i s
u i t h t h e human hand uhich
h8r f i v e f ingers , each u i th
f o u r .degrees o f f reedom. No
r o b o t hand comes c l o s e t o
t h e d e x t e r i t y o f t h e human
hand

(One 8pproach i s t o design
/ i n t e r c h a n g e a b l e g r i ppe rs and
lend e f f e c t o r t o o l i n g . B u t
t h i s I s n o t ui thout c o s t .

(Br ing ing aensor s i g n a l e and
!parer f o r c o n t r o l through t h e
: i n t e r c h a n g e a b l e i n t e r f a c e can
;be a d i f f i c u l t p r o c e s s .
5



1 want t o turn now b r i e f l z t o
t h e t o p i c o f m o b i l i t y . Many
p o t e n t i a l r o b o t a p p l i c a t i o n s
r e q u i r e m o b i l i t y . H O B t
r o b o t s today a r e b o l t e d t o
t h e f l o o r , o r t o a t a b l e t o p .
S m a l l r o b o t s can r e a c h on ly
20 t o 50 c e n t i m e t e r s , r b i l e

Ti*'TI e r g e r ones can grasp o b j e c t s
I.''. -:* n t r o o r t h r e e m e t e r s away.

But many a p p l i c a t i o n 8 need *

r o b o t e wh ich can maneuver
ove r much l a r g e r d is tances .
I n c o n s t r u c t i o n t s e k e , euch
as a r c r e l d i n g o f l a r g e
s t r u c t u r e s l i k e ship8 o r
bui ld ings it i s n o t p r a c k i c a l
t o b r i ng t h e r o r k t o t h e
r o b o t ; t h e r o b o t must go t o
t h e work , some t imes o v e r
d ia ts lnces o f a hundred n e t e r e
o r r o t e .

A r e a l l y good s h i p bu i l d ing
r o b o t w o u l d be table t o
maneuve r i n s i d e odd shaped
coapnr tmente , c l i m b o v e r r i b s
and bulkheads, e c a l p t h e a i d e
s f t h e s h i p ' s h u l l and w e l d
eeams s e v e r a l bundked f e e t i n
length. S i m i l a r m o b i l i t y
r e q u i r e m e n t s e r i e t i n t h e
c o n s t r u c t i o n o f Ba rge
bu i l d i ngs . C o n e t r u c t i o n r o -
b o l a will need t o be a b l e t o
maneuver through t h e
c l u t t e r e d e n v i r o n m e n t o f a

* '._
i b r€Pd lng s i t e . I n 0080 C R ~ O E
; a r h e s l e d r s h i e l e r i a h t be
{ adequabe but i n many
Iappl icat ionrP r o b o t s will need
' t o c l i m b a t a i r s , w o r k f r o m
I E c a f f o l d i n g , and perhaps even
1be aucspended f r o m cables by

,Future m o b i l e r o b o t s will be
-used i n undersea exp lo ra t ion ,
' d r i l l i ng , and mining. Even-1 tual ly , m o b i l e r o b o t s will
o x p l o r e t h e moon and p lane to .
Weedlees t o aay these
app l i ca t ions rill r e q u i r e
s ign i f i can t no r developmentr
i n r o b o t m o b i l i t y mechanims.

cranee.

2. SEHSIBC

The second m a j o r p rob lem area
t h a t I r a n t t o ' men t i on A 8
tha t o f meneora and
lproceaaing techn iques rh ich
onable r o b o t s t o d e t e c t
i n f o r n a t i o n about t h e s t a t e
o f t he envi ronment 80 t h a t
t h e y can reepond i n an
i n t e l l i e e n t ray. Pobo*a
i n t h e automated f a c t o r y will
need t o be ab le t o 800, : ' -

f e e l , hear, and meaeurc t h e :t;

p o s i t i o n o f o b j e c t s i n e
number of d i f f e r e n t rays.
Data f r o m aensors must be
p r o c o ~ ~ s e d , and i n f o r m a t i o n
e x t r a c t e d rh ich can be used
t o d i r e c t r o b o t a c t i o n e eo
tha t t h e r o b o t aystem can
B u c c e s s f u l l y accomp l i sh it8
task obaec t i ves i n s p i t e of
u n c e r t a i n t i e s , p e r t u r b a t i o n s ,
rnd unexpected c o n d i t i o n s and
events.

; N a c h i n e v i s i o n i s t h e m o s t
: popu la r r e s e a r c h t o p i c , and

d i f f i c u l t . The c u r r e n t s t a t e
of t h e a r t i n commerc ia l
r o b o t v i s i o n eysteme i e t h e
d e t e c t i o n and a n a l y s i s o f
b inary ( b l a c k and uh i te )

images. T h e8 i l h o u e t t e
o r i g i n a l r o r k i n t h i s a r e a
r a a done a t t h e S t a n f o r d
R e s e a r c h I n s t i t u t e - ( 6 )
T y p i c e l l y , a s i n g l e i s o l a t e d

a l s o . perhaps t h e m o s t
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p a r t i o photographed and
t h e image data t h r e s h o l d e d
t o produce a binary
connected region. A .et o f
f e a t u r e s i s t h e n computed on
th is reg ion . F o r oxample,
t h e c e n t r o i d , t h e aroa,
t h e p r i nc i pa l axis, t h o
p o r i m e t e r , and t h e inclu -

T'TLE mion re la t i onsh ip6 o f hole.
can be computod. . In -. -
many cases t h e s e f e a t y r e s
a r e e u f f i c i e n t t o recog -
n i s e an o b j e c t and t e l l t h e
r o b o t r h e r e it i s so t h a t
it can be p i c k e d up.

.v

: IL r- ... -

Ho re re r , t h i s method ha8
movere l i m i t a t i o n e . F o r
oxample, it cannot d e a l with
p a r t s t h a t a r e t o u c h i n g o r
overlapping. And it does n o t
g ive any i n f o r m a t i o n as t o
t h e t h r e e dimensional shape
o r p o s i t i o n o f t h e part .

I n r e c e n t resea rch using
m i l h o u e t t e images, computa -
t i o n o f t h e p o e i t i o n ,
mpacing, and o r i e n t a t i o n o f
f e a t u r e s such as Corners ,

? E u ' ho les , edges, and curves i s
\#:a5 r. per formed. (4) The g e o m e t r i -

c a l r e l a t i o n s h i p s o f t hese
fc ta turee t o each o t h e r can
be used t o c h a r a c t e r i t e t h e
image. Once t h i s i s done,
t h e s e f e a t u r e s and r e l a t i o n -
mhipe can b e compared t o a
mode l , o r an i d e a l image o f
t h e p a r t . If a match i s
d e t e c t e d b e t r e e n t h e f e a t u r e s
o f t h e observed image and
t h o s e o f t h e model , t h e n
t h e p o e i t i o n and o r i e n t a t i o n
o f t h e p a r t can be computed
even if it i s p a r t i a l l y
h i d d e n o r obecu red b Y
t o u c h i n g o r ove r lapp ing
p a r t s .

4 .
These b inary i m y e a n a l y s i s
t e c h n i q u e s a r e u s e f u l
p r i m a r i l y i n s i t u a t i o n s
w h e r e p a r t e a r e r e l a t i v e l y
f l a t and l y i ng on a known
su r f ace . It does n o t r o r k
w e l l f o r p a r t e t h a t have
i m p o r t a n t t h r e e d i m e n e i o n a l
c o n t o u r e o r a r e e t a c k e d i n
p i l e s o f unknorn height .

_ _ _ - ~ --

.
--..

l a o r d e r t o d e a l w P l h t h r e e
dimensional r e l a t i o n s h i p s
mome f o r m o f s t e r e o
t r i angu la t i on , o r ranging
myatem, must be used.

S t e r e o imaging has been
w i d e l y researched, but t h e
r o s u l t e a r e s l o r i n coming.
3he prob lem i s t ha t s t e r e o

- v i s i o n r e q u i r e 8 t h e
i d e n t i f i c a t i o n o f co r res -
ponding p o i n t s (1.e.. one
must c a l c u l a t e r h i c h p i x e l i n
t h e fi r s t image i s
i l l u m i n a t e d by t h e same
p o i n t i n t h e w o r l d n e t h e
eor respond ing p i x e l i n t h e
mecond image.) Th is i s n o t ,

t y p i c a l l y r e q u i r e e some f o r m
o f cross c o r r e l a t i o n , rhich
i o a very t i m e consuming
computation.

086y t o determine. It

S t r u c t u r e d l i gh t i s perhaps
t h e m o r t commonly used
techn ique f o r mimplifying
t h e corresponding po in t s
prOble8. This o f t e n c o n s i s t s
o f a s imple ray, o r plane,
o f l ight p r o j e c t e d on an . -
o b j e c t f r o m one p o i n t , - -. -J

and r i e r e d f r o m a n o t h e r
p o i n t some d i s t a n c e f r o m t h e
p r o j e c t o r .

If t h e camera and l i gh t
p r o j e c t o r a r e mounted on
t h e r o b o t r r i e t , a s i ng le
h o r i t o n t a l p l a n e o f l igh t can
be used t o compute t h e
d i s t a n c e t o an o b j e c t , aa
r e 1 1 as t h e yau angle between
t h e s u r f a c e o f t h e o b j e c t
and t h e r o b o t gr ippers. The
y a r angle i s p r o p o r t i o n a l t o
t h e s l o p e o f t h e i l l u m i n a t e d
c) t r eak .

It i s . i n f a c t p o s s i b l e t o
c o n e t r u c t a c a l i b r a t i o n c h a r t
r h i ch g i v e s t h e range and x-
c o o r d i n a t e s o f any
i l l u m i n a t e d p o i n t i n t h e
f i e l d o r v iew.

I

i I f a t w o p l a n e s t r u c t u r e d
! l i g h t system i s combined
: w i t h 8 b i n a r y image
. a n a l y s i s program, it becomes

$
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o r k i o being done o t e
umber s f d i f f e r e n t

l o b o r a t o r i e e on err.jra sf

%ouch eonsors which enab le
t h e r o b o t t o d e t e c t t h e shape
o f - t h e o b j e c t being graep -
+d n as w e l l as t h e
p o a i t f l o n Q f t h e o b j e c t i n
t h e hand. A t p r e s e n t ,
however v %he re me088 t o be
l i m i t e d u t i l i t y i n using
Xoree f i n e l y .paced ar rays of
%ouch seneora t o r e c o g n i r e
ehape, p a r t i c u l a r l y i n e
f a c t o r y environment. Seldom
doeaa one program a r o b o t t o
grasp an o b j e c t by t h e edge
Buch t h a t t h e o u t l i n e o f t h e
ed$e o f a e u r f a c e can be
ePenaed by touch. The o v e r a l l
shape o f an olb ject i s ucrually
eas ie r t o meaeure by v i s u a l
OF o t h e r oon - contact aensors
b e f o r e touch OCCUTB, end
s u r f a c e o r i e n t a t i o n can b e
measured by ab f e u aa t h r e e
t a c t i l e a~ensora. O f courae,
t hese a r e a p p l i c a t i o n s r h e r e
s o p h i a t i c a t e d t a c t i l e 8hape
t l i s c s i r i n a t i o n i s c r u c i a l t o
task performance, much 88

rtmderrater where v i s i o n i s
obe tsuo ted .b Y rurky
r e t e r. But fn a f a c t o r y
snv i tonaent euch R i f f i c u l t i e s
a r e aeldoa a problem.

P r o x i m i t y s e n ~ o r eo f t e n u s e
h n f r a r e d ' l i g h t - e m i t t i n g
dliodee i n a v a r i e t y o f
c o n f i g u r a t i o n s . Sensore may

l s v e r e e l y p r o p o r t i o n a l t o
r e f l e c t e d in tens i ty . T h i s
r e q u i r e s aome method o f
compenaat ing f o r v a r i a t i o n s
kn r e f l e c t a n c e of t h e o b j e c t .

BeaBure d i e t a n c e a8

Once t h e o b j e c t i s u i th in t h e
Bs ippere, beam breaking

can be used t oB ens or s
d e t e c t t h e e x a c t p o e i t i o n

l o f edges o f t h e o b j e c t .
! O t h e r , technique@ t h a t can b e
1 u e e d f o r measur ing
f p r o x i m i t y o v e r s m a l l
I d i a t a n c e e a r e eddy c u r r e n t

d e t e c t o r e end a i r
p r e s e u r e d e t e c t o r s which
sense t h e back p ressu re
f r o m an a i r j e t p r o j e c t e d
o n t o t h e s u r f a c e o f an
O b j e e t rn



b-T 'Acous t i e ~ e n e o r s t h a t

( t o e o t h e p o s i t i o n ,
o r i e n t a t i o n , and s p a t i a l -

!memoare t h e t i r e o f
f l i gh t o f an u l t r a s o n i c
p u l s e can b e used f o r
d e t e c t i n g t h e d is tance t o
b b j e c t s up t o 15 f e e t away.
rhe m o s t popular commerc ia l l y
kva i lab le a c o u s t i c ranging
Ienaors e a t u r a t e i n s i d e a
t8r Anches, eo they a r e n o t
m e f u l f o r t h e t e r m i n a l phaee
>f gr ipping opera t i ons .
3oretrer, euch eensors a r e
Ldeal f o r measuring t h e
h e i g h t o f o b j e c t s i n a
r tack , o r f o r d e t e c t i n g t h e
presence o f obs tac les o r
Lnt ruders fn t h e r o b o t r o r k
mea. Thus, t h e y can be used
Por sa fe ty aensore.

3. COlTBOL

Phe fundamental t e c h n i c a l
p rob lem i n r o b o t i c s 1s goa l -
Booking, 1.8. t h e g e n e r a t i o n
and c o n t r o l o f b e h a v i o r t h a t
I S success fu l i n
accompl ish ing a task o r goal.
I n c o n t r a s t t o a r t i f i c i a l
i n t e l l i g e n c e , r o b o t i c s i s n o t
p r i m a r i l y concerned r i t h
r e c o g n i a i n g , c l ass i f y i ng ,
naming, o r understanding --
ewcepf i n 80 f a r as t h e s e are
r e q u i r e d t o ach ieve
b e h a v i o r a l goals . The
purpose o f a r o b o t c o n t r o l
sys tem i s t o accompl isk-

I
p r o c e s s i n g i s t o d e t e c t t h e I

t o t h e t a s k g o a l can be
g e n e r a t e d . T h i s i m p l i e s
among o t h e r t h i ngs t h a t t h e
p r o c e s s i n g o f #e&sory d a t a
must b e done i n t h e c o n t e x t
o f t h e c o n t r o l p rob lem.
Because o f t h i s t i g h t

i n t e r a c t i o n b e t w e e n sensing
rillr e, and c o n t r o l ,

t c o n s t a n t l y i n t e r m i x e e n s o r y
' p r o c e s s i n g i n o u r d i e c u s s i o n

o f t h e c o n t r o l system.

,, - - -
B O B ~ka&urf r ia l r o
have lls0 t ~ r n m a r r ; r a d i n mrny
case8 t h d r c o n t r o l isgetem i 8

o r % than CL r s m o r y
w h i c h @an e t o r e a s e r i e s o f
p o i n t s and a sequencer w h i c h
can step t h e r o b o t through
t h e e e r i e 6 o f r e c o r d e d
points.

I n t h e case o f r o b o t s r i t h
censors, t h e s i t u a t i o n
becomes more compl i ca ted .
Robots r i t h #ensore r e q u i r e
as a m i n i m u m t h o a b i l i t y t o
8 O d i f y t h e eequence o f
programmed po in t s i n response
t o eensor data. But t o ,

f u l l r e a l - t i m each ieve
m e n s o r y - i n t e r a c t i v e behav io r , *

a r o b o t must have t h e a b i l i t y
t o change t h e a c t u a l
p o s i t i o n s o f t h e r e c o r d e d ;
p o i n t s i n r e a l t ime . .
Precomputed t r a j e c t o r i e s will
n o t r o r k . f r a j e c t o r i e s r u s t ,
be recomputed on t h e f l y . 1I

R e a l l y a o p h i s f i c a t e d r o b o t '
c o n t r o l syotens need t o be
ab le t o accep t Yeedback da ta
a t a v a r i e t y o f l e v e l s o f
a b s t r a c t i o n and have c o n t r o l
l o o p s wi th a v a r i e t y o f l o o p
de laye and p r e d i c t i v e
i n t e r v a l s . ? o r c e and
v e l o c i t y data used i n a e r v o
l o o p a f o r high speed o r high
p r e c i s i o n m o t i o n 8 can be
p r o c e s s e d and i n t r o d u c e d i n t o
t h e c o n t r o l s y s t e m r i t h
d e l a y s o f n o m o r e than a f e u
m i l l i s e c o n d s . V i s i o n data
f o r d e t e c t i n g t h e p o s i t i o n
and o r i e n t a t i o n o f o b j e c t s t o
b e approached t y p i c a l l y
r e q u i r e s hundreds o f
m l l l i aecondm. P r o c e s e i n g
ssnaory d a t a t o r e c o g n i s e
c o m p l e t e o b j e c t s o r f i g u r e
o u t c o r p l i o a t a d r e l a t i o n s h i p 8
be tween groupa o f o b j e c t s can
t a k e seconds. C o n t r o l
systems t h a t a r e p r o p e r l y
o r g a n i e e d i n a h i e r a r c h i c a l
f a s h i o n s o t h a t t h e y can
accommodate a v a r i e t y o f
s e n e o r y d e l a y e o f t h i s t y p e
a r e n o t m r a i l a b l e on any
c o m m e r c i a l r o b o t -

I'?J

. - .--



- --- -- -In a. h i c re robkoa l r o b o t
con t ro l . system t h e b o t t o m
( 8 ~f i r a t ) l e v e l o f t h e f8.k
d e e o m p o e i t i o n h i e r a r c h y i o
where c o o r d i n a t e t r a n o f o r r o
and s e r v o computat ions a r e
modem Here 8100 a l l J o i n t
m O t i O R S a r e cacaled t o

- --I

i n t e r r a l a . l o r e v e r ;
b e h a v i o r a l d e c i o i o n o a t t h e
h igher l e v e l s need t o be made
l e s s f r e q u e n t l y ; and
t h e r e f o r e t h e g rea te r amount
o f mensory p roceos ing
r e q u i r e d can be t o l e r a t e d .

h8rdrrare P i r i t e on v e l o c i t y 1 4. WORLD EODEL

i - '?he r e p r o o e n t a t i o n o f
YI'LE and f o r c e .

A t t h e mecond leVel*

( A ) > * <L1pT'*I
<BBIEBT 01 (B)>, <WOVE 30:
(X)>, <BELEASE>, etc.) a r e '
deconpooed i n t o f o r c e 8nd
v e l o c i t y t r a j e c t o r i e e i n a
conven ien t c o o r d i n a t e myotem.
I d e a l l y t h e c o n t r o l oystem
\rill a l l o r a c o o r d i n a t e
i f r a r e t o be d e f i n e d o i t h e r i n

*I-
b - L

kno r l edge 8bout t h e r o r l d i n

8 b o o l u t e l y c r u c i a l t o b o t h
t h e p roceos ing o f eensory
data 8nd t h e d e c o r p o o i t i o n
o f t a o k o 8nd 8oal6. The r o r l d
mode l con ta in8 p r i o r
k n o r l e d g e about t h e robot ' .
r o r k environment. The data
i n t h e r o r l d m o d e l may be
lea rned ( l o o r , en te red by

e l e m e n t a l r o v e 8 (6uch a s , .n i n t e r n a l mode l i 0

eensory da ta o t r e a m and f r o m
t h e l o r e r l e v e l c o n t r o l
r o d u l e s . The feedback
p r o c e s s i n g modules a t each
l e v e l d e t e c t f e a t u r e s ,

I

p r o c e s s i n g modules i n
.e lec t i ng p r o c e s s i n g
a l g o r i t h n s a p p r o p r i a t e t o t h e
expected incoming sensory
data, and i n c o r r e l a t i n g

T E F -

!. '-; i n t e r p r e t e d by t h e 6econd !r hi ch can compute - -

decomposition h iera r ch y is .and t o o l s , and may even

, r e s u l t 8 t o b e used, i n t h e , d e t e c t t h e 8beence o f

! b e c o m p o s i t i o n modules a t t h a t ;ob e er v ed and r h a t i e

I n g e n e r a l , sen0 or y
i n f o r m a t i o n a t t h e h igher
l e v e l s i s m o r e a b s t r a c t and

' r e q u i r e s t h e i n t e g r a t i o n o f
1 d a t a ove r l o n g e r t i m e
. - .-_ - _ _
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4 - 1 -A H i e r a r c h y of M o d e l s

A t t h e c o o r d i n a t e
t r a n s f o r m a t i o n and s e r v o
l e v e l , t h e m o d e l g e n e r a t e s



__.
-.indoma o r f i l t e r f G c t ; i o n e

t h a t n r e used t o r c r e e n and
t r a c k t h e i n c o m i n g raw data
mtream. A t t h e e l e m e n t a l move
l o v e l , t h e model genera too
erpec t e d p O S i t i o n s and
o r i e n t a t i o n s o f s p e c i f i c
f o a t u r e e o f p a r t s and t o o l a ,
much as edges, cornerm,

'ITLE murfaces, ho les , and B l o t B .
L : ' t

c The v i a i o n process ing modules --

output f a e n o o r y
p rocese ing module a t each
l o v e 1 i s e l00 U88d by t h e
tark decompooit ion h ie ra rchy
o i t h e r t o m o d i f y ac t i ons no

memory . La0 t o b r ing
observat ions i n t o c o r r e - ' _

a t t e m p t t o fitthese model r
t o inconing v i r u a l data.
D i f f e r e n c e s b e t r e e n t h e
p r e d i c t i o n s and t h e
observat ions are r e p o r t e d
back t o t h e model, and t h e
f i t t e d i d e a l f e a t u r e e a r e
passed on t o t h e n e x t h igher
l e v e l as t h e b e o t gueso o f
t h e a c t u a l p o s i t i o n o f t h e
f o a t u r e e i n t h e environment.
A n example o f th i s i o t h e f r o

r o r k o f B o l l e e and Cain.(4,5
dlmsnmional model

A t t h e r i m p l e task l e v e l , t h e
mode l con ta ins k n o r l e d g e o f
t h e g e o m e t r i c a l 8hapes o f
8 u r f a c e s and volumes o f t h r e e
d imens iona l o b j e c t s such as

TEXT p a r t e and t o o l s . The v i e i o n
MCGSI:. mystem at tempts t o f i t t h e

s e t o f d e t e c t e d f e a t u r e e t o
t h e s e s u r f a c e s and volumes.
D i f f e r e n c e e b e t r e e n t h e
obse rva t i on8 and t h e
p r e d i c t i o n 8 a r e r e p o r t e d back
t o t h e model , and t h e a h i f t e d
p r e d i c t i o n i s passed o n t o
t h e n e x t h igher l e v e l as t h e
b e s t guess as t o t h e p o e i t i o n
and o r i e n t a t i o n o f s o l i d
o b j e c t 8 i n t h e env i ronment .

4.2 Obe rva t i ons and
P r e d i c t i o n s

ID i f f e r e n c e e be tween p r e -
d i c t i o n s and o b e e r v a t I o n e a r e
r e a eur e d by the, 8ens or y
p r o c e e e i n g modul# a t each
l e v e l . Theee d i f f e r e n c e s a r e
f e d back t o r e v i s e t h e u o r l d ,
m o d e l l New p r e d i c t i o n s
g e n e r a t e d by t h e r e v i s e d
m o d e l a r e t h e n s e n t t o t h e
o e n s o r y p r o c e s e i n g modu le
ouch t h a t t h e i n t e r a c t i o n
b e t w e e n sensory p r o c e s s i n g
. -._ - . - -

8pondence with r o r l d mode l
oxpec ta t iono , o r t o change
t h e input t o t h e r o r l d model
80 as t o p u l l t h e
oxpec ta t l ons i n t o c o r r e -
mpondence r i t h oboervat ione.

I n e i t h e r case, once a match
i s achieved b e t r e e n
observa t ion and expec ta t ion ,
r e c o g n i t i o n aan be maid t o
have been achieved. The
model can then be used as t h e
b e s t guess o f t h e r t a t o o f
t h e e x t e r n a l r o r l d , bnd t h e
task decompos i t i on h i e r a r c h y
can a c t on i n f o r m a t i o n con-
ta i ned i n t h e m o d e l r h i c h
cannot be ob ta ined f r o m
d i r e c t observat ion. F o r
oxample, a r o b o t c o n t r o l
oyatem may use m o d e l da ta t o
reach beh ind an o b j e c t and
grasp a o u r f a c e r h i c h t h e
model p r e d i c t s i s t h e r e , but
r h i c h i s c u r r e n t l y h idden
f r o m oiev. I n many cases,
t h e mode l can p r o v i d e much
more p r e c i s e and n o i e e f r e e
data about an o b j e c t than can
be obta ined f r o m d i r e c t
measurements, rh ich o f t e n
a r e made under l e s s t h a n
o p t i m a l c o n d i t i o n s r i t h
r e l a t i v e l y l o r r e s o l u t i o n and
r o m e t i m e s n o i s y i n s t r u m e n t a .
T h e r e f o r e , once it has been
d e t e r m i n e d a t a p a r t i c u l a r
m o d e l f i t e e o b j e c t being

, o b s e r v e d , t h e m o d e l c a n
' p r o v i d e much more c o m p l e t e
and r e l i a b l e c o n t r o l d a t a

' than t h e o b j e c t i t s e l f .

5. PBOCBAHHIlG HETHODS

Techn iques f o r d e v e l o p i n g
. r o b o t s o f t w a r e must b e v a s t l y
improved. Programming -by-



Shop iPoos per ao mIZ
anek%PLed i n eonpukere romt
be a b l e t a in letruct robot8 A n

Qecieicane. TBs d e ~ e l ~ p -

i m p l i e s t h a t t h e r e i s a
programming Panguage unique
t o each l e v e l o f a

O

ther I

occupy t&e a t t e n t i o n o f r obo t
t p ~ t e r e a o f t r a t e decaigners
f o r a t l e a s t t h e n e x t t w o
decadee.

It f s mot c l e a r j u s t y e t whet

l

TEXT t e c h n i q u e 6 will e u r e l y .be
k'AL31'. neceserary . The r e a l - t i m e

demands o f rsensory - I

i n t e r a c t i v e g o a l d i r e c t e d
behav io r imply t h a t t iming,
and s y n c h r o n i c a t i o n v i11 b e ,
Q p r imary concern. '6% t h e
c o n t r o l sgstem i s 1
B i e r a r c h i e a l l y s t r u c t u r e d as '
rsuggeated i n S e c t P o n 3, ,
t h e r e will n e e d t o be a
sepa ra te programming '
language, o r a t l e a s t a ,
s e p a r a t e e u b e e t o f t h e :
programming language, f o r
each l e v e l o f t h e h i e r a r c h y .
T h e command ve rbs a r e
d i f f e r e n t a t t h e v a r i o u s
h i e r a r c h i c a l l e v e l s p and t h e
t y p e o f d e c i s i o n s t h a t need
90 be made a r e a280 l e v e l
dependen t . d

l e v e r t h e l e s s , t h e v a r i o u s
l e v e l s have much i n common.
Each l e v e l p e r f o r m s a t a s k
d e c o m p o s i t i o n f u n c t i o n , and
hence , m u c h o f t h e c o n t r o l
rsJrstem and t h e r s o f t w a r e w h i c h
runs i n it rill t e n d t o have
. ~ __ ___ ____ . _--- -

' T h e program8 a t each l e v e l
r a y be w r i t t e n eo procedures.
There e x i s t a lapge number o f
p r o c e d u r a l r o b o t programming
languages much ae VAL, AL,
R A I L , RAPT, W C t , AWL and
others. (9) A l t e r n a t i v e l y ,
r o b o t programs a t 8ach l e v e l
can b e repreeented e8 a t a t e
6raphs l (3) . O f couree,
t u c h a s t a t e graph aan be +- ~

r e a d i l y t r ans fo rmed i n t o a *.' -- :".
a t a t e t r a m i t i o n tab le . The
b t a t e t r a n s i t i o n t a b l e can
t h e n be loaded i n t o a
computing o t r u c t u r e f o r
execu t i on .

A t h igher l e v e l s , t h e a t a t e
t r a n s i t i o n t a b l e s a r e
comparable t o s e t o f
p r o d u c t i o n r u l e s i n an e x p e r t
eystem. Each l i n e i n t h e
t a b l e corresponds t o an
IP/THEH r u l e . < IF ( t h e
command i s such, and t h e
s t a t e i s eo, and t h e feedback
c o n d i t i o n s a r e thus) / THEN
( t h e output I s w h a t e v e r i s
e t o r e d on t h e r igh t hand s i d e
o f t h e . t a b l e , , and t h e s y s t e m
s t e p s t o t h e n e x t s t a t e ) )
The a d d i t i o n of each node o r
edge t o t h e s t a t e graph, and
t h e c o r r e s p o n d i n g l i n e s added
t o t h e s t a t e t r a n s i t i o n t a b l e
i s t h e equ iva len t of t h e
a d d i t i o n o f a new chunk o f
knowledge about hou t o d e a l
with a s p e c i f i c c o n t r o l



-

r i t i u i t i o n a t a p a r t i c u l a r
po in t i n a problem d o r a i n a t
a unique t i r e i n t h e t a r k
e x e c u t i o n . Th is 8pproach
thus br idges t h e gap b e t r e e n
aervomechanisms and f i n i t e
a t a t e automata a t t h e l o v e r
l e v e l e , and e x p e r t o y s t e r
t e c h n o l o i e s a t t h e upper
l e v e l s . fs)

6. SYSTEH IBTEGBATIOB'

The mix th mador prob lem area
i s t h e i n t e g r a t i o n o f r o b o t 8
I n t o f a c t o r y c o n t r o l eystems
80 t h a t many r o b o t e , machine
t o o l s , i n a p e c t i o n devices,
and m a t e r i a l s e t o r a g e ,
r e t r i e v a l , and t r a n e p o r t a t i o n
eye tema can a l l be
I n t e r c o n n e c t e d 80 as t o
f u n c t i o n as a u n i f i e d 8,pstem.

The computing a r c h i t e c t u r e

implemented i n an Autoaated
hnu fac tu r ing Research
l a c i l i t y a t t h e l l a t i o n a l
Bureau of S tandarde . ( l ) It f s
i n t e n d e d as a g e n e r i c syetem
t h a t can be a p p l i e d t o a w i d e
r a r i ety of au toma t i c
manufactur ing f a c i l i t i e e . A t
t h e l o w e s t l e v e l I n t h i s
h i e r a r c h y a r e t h e i n d i v i d u a l
r o b o t s , N l C machin ing
c e n t e r s , s m a r t sensors , r o b o t

8 h o r n i n ?igure 1 1 8

, c a r t s , conveyore , and,
/ a u t o m a t i c e t o r a g e systems,}
each o f r h i ch may have1 own i n t e r n a l h i e r a r c h i c a l
c o n t r o l system. These
i n d i v i d u a l mach inee a r e f

f o r g a n i c e d i n t o work s t a t i o n s
(under t h e c o n t r o l o f a r o r k :
, s t a t i o n c o n t r o l un i t.
! S e v e r a l r o r k e t a t i o n c o n t r o l
l un i t s a r e o r g a n i c e d under ,
land r e c e i v e input command8
f r o m a c e l l c o n t r o l unit .

% S e v e r a l c e l l c o n t r o l u n i t e
.may be o r g a n i z e d ' u n d e r and
' r e c e i v e input commands f r o m a
shop c o n t r o l unit. A t t h e t o p
t h e r e i s a f a c i l i t y c o n t r o l
l e v e l r h i ch g e n e r a t e s t h e
p r o d u c t deeign, p roduces t h e
manufac tur ing p r o c e s s p lane,
and makes t h e high l e v e l
management d e c i s i o n s -

Oa tba r ight clids o f t h e
obar t i 8 r h o r n a data bans
which contaiaa, t h o p a r t
p rog ra r r f o r t b e rachia.
toolm l t h e p&r t handling
~ t o 4 r a r af o r t h e r o b o t s , the
r a t o r f a l a rcqulreaentr ,
dimensions, and t o l e r a n c r r
I s r i r o d f r o r t h e p a r t d s s i l n
data base, and t h e algOrith88
and prooesu plane r e q u i r e d
f o r routing, schedul ing,
t o o l i n g , and Iistnring. T h i s
dmta i a arnare ted by
C a a p a f s r ~ ~ i d e d - ~ 8 a i g n(CAB:
8fst.8 and a C&mputer - Aided -
Proooru -P1annlng (CAPP)
myetem. This data base i s
h i e r a r c h i c a l l y o t r o o t a r e d 10

t h a t t h e I n f a r r a t i o n r a q u i r o d
m t ths d i f fm ren t h i a r a r a h i c a l
l 8 s r r l e i m r e a d i l y avs i lab le

.boa needed.

O n t h e l e f t i e a second da ta
bar. rh ich. conta in8 t h e
c u r r e n t steturr o f t h e
f a c t o r y . Each p a r t i n
process i n t h e f a c t o r y ha8 a, -
f i l e I n t h i e data base r h i c h ,_-. -
c o n t a i n s i n f o r m a t i o n as t o
r h a t l e t h e p o s i t i o n and
o r i e n t a t i o n . o f t h a t pa r t ,
r h a t i e i t s stage o f
c o m p l e t i o n , r h a t ba tch o f
p a r t e it i e w i t h , and what
qual i ty c o n t r o l i n f o r a a t i o n
i a knorn. ihkr d a t a baee i s1 a l e 0 h i e r a r c h i c a l l y
m t ruc tu red . A t t h e equipment
l e v e l , t h e p o s i t i o n o f eachI p r t i a r e f e r e n c e d t o a

1 p a r t i c u h r t r a p o r t a b l e top .
' A t t h e r o r k m t a t i o n l e v e l ,
, t h e p ~ t r i t i o n o f each p a r t

r o i e r e t o which t r a y it I s
in. b t t h e c e l l l o v e l ;
p o a i t i d n r e f s r r t o r h i ch r o r k
m t a t l d n t h e p a r t i u in.
i esdback p r o ~ e l r s c r a OB

l e f t r caa each l a v e r o f t h e
data base e d e x t r a c t t h e
lnf 'srmatfcn f i n t e r e s t t o
t b e n e x t h igher l e v e l . A
ranagrmsnt i n f o r m a t i o n e y B t e
make@it poss ib le f o r a human
t c qucrrg. thira d a t a baser It
any l e v s l 4nd d e t e r m i n e t h e



--,Peodback t o t h e r o r k r t a t i o n

E n t e r f a c e a between t h e many
var ious computing modu les and
data basee n e e d t o b e d e f i n e d
fn eome e tandard i sed way T, 00
%bet l a r g e nunbera o f r o b o t ,
machine t o o l e , mensore, ' a n d
e o n t r o l computers can be
connected t o g e t h e r i n
i n t e g r a t e d oysteae.

Y o r example, a t y p i c a l
w o r k s t a t i o n i n a machine shop
may c o n e i s t o f a r o b o t , a
machine t o o l r a r o r k t r ay
buf fer , and e e v e r a l t o o l s and
aeneors that t h e r o b o t can
ran ipu la te . Trays o f pa r t s
and t o o l s rill be d e l i v e r e d
t o t h e r o r k e t a t i s n by a
conveyor o r r o b o t c a r t .

The YOBKSTATIOH COITBBLLgB
rill be given commands
cone is t ing o f l i e t e o f
o p e r a t i o n s t o be p e r f o r m e d o n
t h e p a r t e I n t h e t rays . It
La t h e t a s k o f the
r o r k e t a t i o n c o n t r o l l e r t o
g e n e r a t e a sequence o f s i m p l e
Bask commands t o t h e r o b o t ,
t h e machine t o o l , and any
o t h e r ayeteme under i t e
c o n t r o l 80 t h a t t h e s e t o f
o p e r a t i o n s s p e c i f i e d by i t e
Input command l i s t a r e
c a r r i e d o u t i n an e f f i c i e n t
sequence. F o r example p t h e
w o r k 8 t a t i o n c o n t r o l l e r may
g e n e r a t e a clequence o f s imp le
task commands t o t h e r o b o t t o
metup t h e c lamping f i x t u r e s
f o r t h e f i r s t p a r t ; t o t h e
mach ine t o o l t o p e r f o r m t h e
s p e c i f i e d E a c h i n i n g
o p e r a t i o n e ; t o thd r o b o t t o
m o d i f y t h e c lampihg f i x t u r e s
f o r t h e n e x t j o b : e t c . The
p lann ing h o r i e o n f o r t h e
r o r k e t a t i o n nay v a r y f r o m
s e v e r a l hours up t o about a

? depend ing o n t h e
c o m p l e x i t 7 and number o f
p a r t e t h a t a r e be ing
proceesed .

II
.- -

,consists of p o e i t i o n e o f
1 p a r t e and r e l a t i o n e h i p e
: b e t r e e n s a ~ i o u s o b g e c t e i n
' o r d e r t o sequence t h e e imp le

task compBand8 c

The r o r k s t 8 t i o n w o r l d mode l
conta i n e kno r ledge o f
expec ted t r a y layout8
inc luding t h e names o f p a r t e
and t h e i r expec ted p o s i t i o n e ,
o r i e n t a t i o n s , and r e l a t i o n -
6hipe l

The n e x t l e v e l o f t h e
c o n t r o l h i e r a r c h y i s t h e CELL
COBTBOLLEB which i s
respons ib le f o r managing t h e
p r o d u c t i o n o f a ba tch o f
p a r t s r i t h i n a p a r t i c u l a r
group techno logy p a r t fami ly .
The taek o f t h e c e l l i e t o
group parts i n t r a y e and
r o u t e the t r a y e f r o m one
r o r k s t a t i o n t o another. The
c e l l genera tes dirpatching
commands t o t h e m a t e r i a l
t r a n e p o r t r o r k - r t a t i o n t o
d e l i v e r t h e r e q u i r e d t o o l e ,
f i x t u r e e , and I m a t e r i a l s t o

r o r k s t a t i o n s a t t h e . .
r p p r o p r i a t e t imes . The c e l l
RUBt have planning and

{schedu l ing c a p a b i l i t i e s t o
:ana lyse t h e p rocess p lane f o r

t h e p r o p e r BaChining - : .

each pa r t , t o compute t h e
t o o l i n g and f i x t u r i n g
r e q u i r e m e n t s , and t o produce
t h e machining t i m e e e t i m a t e e
f o r each opera t ion . It ueee

o p t i m i t e t h e makeup o f t r a y e
and t h e i r r o u t i n g f r o m
r o r k e t a t i o n t o r o r k e t a t i o n .
The planning h o r i s o n f o r t h e
c e l l will depend o n t h e s i e a
and c o m p l e x i t y of t h e b a t c h
o f p a r t e i n process, but may
b e o n t h e o r d e r of a reek .

t hese c a p a b i l i t i e e t o

?e edback t o the c e l l
i n d i c a t e s t h e l o c a t i o n and
e o m p o e i t i o n o f t r a y e o f p a r t s
and t o o l e and t h e s t a t u e o f
a c t i v i t y i n t h e r o r k s t a t i o n .
T h i s i n f o r m a t i o n may b e
d e r i v e d f r o m s e n e o r s uhich
r e a d coded tags on t rays , o r
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8.Y be i n f o r r o d i r o m
. p rocessed aenoory input f r o m

mensors on t h e r o b o t o r i n
t h e uorke ta t ion .

V

The c e l l r o r l d r o d e l contain.
i n f o r m a t i o n 8bout r o r k s t a t i o n
t a s k t imes , 8nd i s 8b le t o
p r e d i e t t he expocted

T::LE p e r ? o r r a n c e o f var iour
LPiL h y p o t h e t i c a l t8sk sequenco~ . --

The n e x t l e v e l I n t h o
c o n t r o l h i e r a r c h y i s t h e SHOP
COBTBOLLEB rh ich perform.
l o n g t e r m p r o d u c t i o n plannine
and 6cheduling. It a l s o
manages inven to ry , 8nd p laces
orders f o r par ts , ma te r ia l s ,
8nd t o o l e . The ehop c o n t r o l
planning 8nd echedu l ing
funct ions a r e used t o
do te rm ine t h e r a t er i a l
r eaou rcea r e q u i r e m e n t s f o r
oach s e l l . The .hop t h e n
dynamical ly a l l o c a t e s
r a c h i n e a and r o r k s t a t i o n s t o
t h e c e l l s 86 necesaary t o
mee t t h e p r o d u c t i o n schedule.

Ieedback t o t h e shop l e v e l o f
TEXT c o n t r o l i n d i c a t e s t h e

w:w!';c o n d i t i o n of machines, t o o l s ,
t h e c o m p l e t i o n o f o rde rs , t h e
coneumpt ion o f goode, and t h e
amount o f i n v e n t o r y on hand.

The ahop u o r l d m o d e l c o n t a i n s
i n f o r m a t i o n about machine
c a p a b i l l t i e e , expec ted t o o l
l i f e , and i n v e n t o r y l e v e l s .
It i e a b l e t o p r e d i c t t h e
p e r f o r m a n c e o f v a r i o u e c e l l
c o n f i g u r a t i o n s , and p r e d i c t
6 h o r t a g e e o f p a r t e o r
r a t e r i a l e i n t i m e f o r
r e o r d e r i n g p r o c e d u r e s t o b e
i n i t i a t e d .

The t o p m o s t l e v e l i e F A C I L I T Y
CONTROL. It i e a t )h is l e v e l
t h a t e n g i n e e r i n g des ign i e
p e r f o r m e d and th% p r o c e s s
p l a n s f o r r a u f a c t u r i n g each
p a r t , and assembl ing each
system, a r e generated. Here
a l e o , management i n f o r m a t i o n
i s ana l yced, ma t e r i a l s

done, and o r d e r 8 a r e
p r o c e e e e d f o r maintaining

r e q u i r e m e n t s planning i 8

. _ - - -

inventory. Becaume--- o f
very l o n g planning h o r
a t t h i s l e v e l i n t h e c o
h ie ra rchy , t h e a c t i v i t i
t h e f a c i l i t y c o n t r o l m
a re n o t usual17 cons ide red t o
b e p a r t o f 8 r e a l - t i m e
a o n t r o l system. Houever, i n
8 h i e r a r c h i c a l c o n t r o l
aye tem, t i m e h o r i t o n e
i n c r e a s e exponen t ia l l y a t
oach higher l e v e l . Ur ing t h i e '

concept , then, f a c i l i tp
c o n t r o l a c t i v i t i e s can be
i n t e g r a t e d i n t o t h e r e a l - t i m e
a o n t r o l h i e r 8 r c h y o f t h e
t o t a l manufactur ing system.

Ieedback t o t h e f a c i l i t y
l o v e 1 eonsim t e o f
r e q u i r e m e n t s f o r e n g i n e e r i n g
changes i n p e r t design, o r
m o d i f i c a t i o n s ' o f p rocess
p h n s.
The f a c i l i t y w o r l d model
conta ins i n f o r m a t i o n ab
machining proceesee, m a t e r
p r o p e r t i e s , rhop proceas
c a p a b i l i t i e e , ,and expec ted
l e a d t i r e s f o r procurements.

6.3 I n t e r f a c e Data Forma te

One approach t o t h e i n t e r f a c e
p r o b l e m i s t o simply d e f i n e
t h e da ta e lements (coamande,

I feedback var iab les, a t a t u s
v a r i a b l e s , sensory da taI pa ramete re , e t c . ) uhich need

! t o f l o w between computing
f r odu lee .

Theee da ta elements can t h e n
. b e e t o r e d unde r agreed -
; names and i n agreed -
. f o rma ts i n t h e s t a t u s
' b a e e . The s t a t u s d a t a
then becomes t h e i n t e r
between a l l t h e compu

' r o d u l e a . A t each i n c r e
o f t h e s t a t e c l o c k ,
comput ing modu le e i r p l y r
i t s input v a r i a b l e s f r o m
r t a t u e d a t a baee. It then
p e r f or m e i t s r e q u i r e d
computat ions, end b e f o r e
ond o f t h e e t a t e c
p e r i o d , u r i t e s i t s ou
back i n t o t h e s t a t u s
b8se. The e t a t u s d a t a

I&

. - ,. .



ous t o tbm
e Standard

S i a ~tetandafd! data f o r m a t used am t

, d i v e r s e gr p h l c r 8ys te rm (6)

The birtrapshf c8b Peve le
d*mfx -ibad i n t h i a rrslatiem

and t o w e l l daf1n.d
l e r e l s o f f a r k decomposition

, i n the r e a l w o r l d o f
r a a u f a ~ t u r i a g , pa r t i cu l a r l y
fn maahfne @hop environmrnt.
The da ta v a r i e b l e a t h a t i lLow

i Between computing modules a t
each l e v s 2 correwpond t o
phyrrical p a r a m e t e r e t h a t a re

i a n t r g n s i c Qo t h e opera t i caa
1 being p e r f o r m e d a t %hoar

l e r e l s . T h e r e f e Oherefore
aome reason t o B e l i e v e t h a t
$t may b e p o s s i b l e % o r t h e

I
aanufac tu rese and ~ 8 8 ~ so f

. automated manufactur ing
' a y m t e m t o agree upon a

h?F p a r t i c u l a r B e t o f V8r i8bl#s
' t o be exchanged, and a

- srohanging t h i s i n f o r m a t i o n
I b e t w e e n comput ing modules.
If eo1, then such a s t r u c t u r e
8fl € a d e s c r i b e d h e r e may f o r m

' t h e b a e i s f o r i n t e r f a c e
rctandarde i n t h o f a c t o r y o f

! t h e fu ture .

rxehPnga medium

!

I

1 ps r t i cu la l? f o r m a t f Q F

1

1 9. COIBCLUSIOB

i P o r $he mo,st p a r t , t h e ai.
t e c h n i c s 1 p r o b l e m areas
d e a e r i h e a above encompass
p r o f o u n d s c i e n t i f i c kesuee
and e n g i n e e r i n g problemdl
uhich rill r e q u i r e 8uch mope
r e s e a r c h end develbpaent.

1

d

I

- -v-
g r a c e f u l , # k i l l e d b e h a v i o r i n
robots. Eventua l ly , r o b o t s
+illbe a b l e t o 8 t o r e and
retam12 knowledge about t h e
w o r l d t h a t rill enable t h e m
t o behave i n t e l l i g e n t l y and
mvmn t o a h o r a measure o f

t h ednsight reg8rding
t e m p o r a ltnrgatial and

r e l a t i o n s h i p s i nhe ren t i n t h e l . T L E
rs rk lg lace . High o r d e r
longaaages, corputer - a ided
Bns t ruc t l on , and soph is t i -
Ba ted c o n t r o l eys teae rill
even tua l l y r a k e it p o s a i b l e
t o i n e t r u c t r o b o t s using
grapkics g e n e ~ a t e d p i c t u r e s
to get he^ rith n a t u r a l

andlanguage vocabulary
syntax much as one might u8e
i n ta lk ing t o a s k i l l e d
r e r k e r .

As these prob lems a r e so lved,I r o b o t s rill r a k e e v e r
l b n c r e a ~ i n g c o n t r i b u t i o n s t oI p r o d u c t i v i t y Improvement and
l t h e c r e a t i o n o f r e a l r e a l t h .
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